Compared to protein-coding sequences, the evolution of noncoding sequences and the selective constraints placed on these sequences is not well characterized. To compare the evolution of coding and noncoding sequences, we have conducted a survey for DNA polymorphism at five randomly chosen loci among a diverse collection of 81 strains of Saccharomyces cerevisiae . Average rates of both polymorphism and divergence are 40% lower at noncoding sites and 90% lower at nonsynonymous sites in comparison to synonymous sites. Although noncoding and coding sequences show substantial variability in ratios of polymorphism to divergence, two of the loci, MLS1 and PDR10 , show a higher rate of polymorphism at noncoding compared to synonymous sites. The high rate of polymorphism is not accompanied by a high rate of divergence and is limited to a few small regions. These hypervariable regions include sites with three segregating bases at a single site and adjacent polymorphic sites. We show that this clustering of polymorphic sites is significantly greater than one would expect on the basis of the spacing between polymorphic fourfold degenerate sites. Although hypervariable noncoding sequences could result from selection on regulatory mutations, they could also result from transient mutational hotspots.
P
ROBABILISTIC models for the molecular evoluulatory sequences that have been examined in detail, mostly those acting early in Drosophila development. tion of DNA sequences have provided much insight
The genome sequencing of closely related species has into protein function and evolution (Kimura 1983 ; Fay provided a wealth of data on the molecular evolution and Wu 2003) . The power of these models is derived of both coding and noncoding sequences (Cliften et al. in part from the genetic code, which results in the inter-2003; Kellis et al. 2003; Thomas et al. 2003 ; Richards spersion of sites with nonsynonymous and synonymous et al. 2005) . One of the main motivations for these projeffects on the amino acid sequence of a protein. In ects has been the identification of conserved noncoding contrast to protein-coding sequences, we know relatively sequences, the majority of which likely function in gene little about the function and evolution of cis-regulatory regulation. The identification of regulatory sequences sequences. Although some models have been developed by their conservation between species presents a chal- (Moses et al. 2004a,b) , a major limitation is the paucity lenge to understanding their evolution since not all regof experimentally identified cis-regulatory sequences.
ulatory sequences may be tightly conserved. One approach The examination of polymorphism and divergence is to study noncoding sequences in their entirety, elimiin cis-regulatory sequences has shown that while these nating any bias in the method used to distinguish funcsequences are constrained, substantial variation exists tional and nonfunctional sequences. both within and between species ( Jenkins et al. 1995;  The examination of polymorphism and divergence Ludwig and Kreitman 1995; Ludwig et al. 1998 ; Tautz in unannotated noncoding sequences has revealed a and Nigro 1998; Dermitzakis et al. number of regions showing a higher than expected rate Phinchongsakuldit et al. 2004) . This variation of polymorphism or divergence. The rate of polymorcan be explained under a neutral model since there are phism but not divergence was found to be greater in the degenerate positions within transcription factor binding 5Ј-UTR and intronic sequence of hunchback compared to sites (Moses et al. 2003) and redundant binding sites that in synonymous sites in adjacent hunchback coding within an enhancer (Ludwig et al. 1998 (Ludwig et al. , 2000 . In one sequences (Tautz and Nigro 1998) . A small 200-bp study, the DNA sequence variation was found to be inregion upstream of Attacin C showed a rate of polymorconsistent with a neutral model ( Jenkins et al. 1995) .
phism 10-fold higher than that found at nearby synonyHowever, these studies have been limited to the few regmous sites (Lazzaro and Clark 2001) . Divergence and linkage disequilibrium were also much higher in the region. Examination of polymorphism and divergence Sequence data from this article have been deposited with the EMBL/ in 136 5Ј-UTR sequences in humans revealed a higher GenBank Data Libraries under accession nos. AY942206-AY942556.
ratio of divergence to polymorphism at 5Ј-UTR com-1 RESULTS cent coding sequences (Hellmann et al. 2003) . The same result was found for noncoding sequences upstream of DNA polymorphism: DNA polymorphism was surveyed accessory gland proteins (Kohn et al. 2004) . Although in 81 strains of S. cerevisiae (Table 1) , constituting a total there are a number of caveats to comparing variation of 3561 bp of intergenic sequence and 3671 bp of coding in noncoding sites to that in synonymous sites, together sequence. A total of 191 polymorphic sites were found, the data suggest the selective forces acting on coding constituting 67 unique haplotypes. Four of the polymorand noncoding sequences may be quite different. phic sites contained 3 segregating bases. Twelve inserTo compare rates of variation in coding and noncodtions and no deletions were found. The 12 insertions ing sequences, we have surveyed DNA polymorphism at ranged in length from 1 to 3 bp. Of the 12 insertions, five randomly chosen loci in a diverse collection of 81 8 were within a string of A or T bases ranging in size strains of Saccharomyces cerevisiae. For each locus we exfrom 4 to 11 bp, 1 was within a C 4 repeat, 1 consisted of amined 608-845 bp of coding sequence at the 5Ј end a TA 2 repeat, and 1 consisted of a TC 5 repeat. of the gene and 611-804 bp of noncoding sequence, Heterozygous sites were found in 35 of the 81 strains nearly the entire 5Ј-intergenic sequence. sites, 10 strains were heterozygous at between 11 and 26 1996; Roy and Runge 1999). Similar to variation at nonsites while the remaining 25 strains were heterozygous at synonymous sites, all five loci show lower rates of diver-5 or fewer sites. The strains with high levels of heterozygence in noncoding compared to synonymous sites. Yet, gosity can be explained by a recent mating between two two genes, MLS1 and PDR10, show higher rates of polydistantly related strains or by loss of their capability to morphism at noncoding compared to synonymous sites.
sporulate, a common phenotype found in commercial wine strains (Johnston et al. 2000) . The distinction of haploid and diploid strains is important for allele frequency estimates and other popula- in the loss of 7 polymorphic sites. All subsequent analyPolymorphism survey: Five genes from divergently transes are based on the 184 polymorphic sites that rescribed intergenic sequences were randomly chosen from the mained ( Table 2) .
Saccharomyces Genome Database, excluding RNA genes and Diversity at synonymous sites ranges from 0.33 to genes of unknown function. Genes with no clear ortholog in S. paradoxus were not considered. For each gene, the 5Ј-inter-1.32% at the five loci (Table 3) , where diversity is meagenic sequence and a portion of the coding sequence were sured by the average number of pairwise differences amplified by PCR, purified, and both strands were sequenced between strains per base pair. The overall average diverusing BigDye (Perkin Elmer, Boston) termination sequencing. sity, 0.84%, is higher than that in humans, 0.11-0.15% Phred and Phrap were used to call bases and assemble a contig- (Cargill et al. 1999; Halushka et al. 1999) , but lower uous sequence for each strain (Ewing and Green 1998). Consed was used to visualize the sequence assemblies and to identify hetthan that in Drosophila melanogaster, 1.41% (Kern and erozygous sites. Only one of the two haplotypes inferred using Begun 2005).
PHASE were used in the analyses (Stephens et al. 2001) . SeThe frequency spectrum is slightly skewed toward rare quences were aligned using ClustalW. Population genetic analyvariants compared to that expected from a randomly matses were done using DNASP (Rozas and Rozas 1999) . Subing population of constant size under a Wright-Fisher stitution rates between species were estimated using PAML (Yang 1997 Ϫ1.09 among the five genes, none of which are signifition. Seven strains were from natural samples, including oak tree exudates, a mushroom, a fig, and various fruits. cant (Table 3) . One hundred twenty-eight SNPs have a minor allele frequency of Ͻ10% compared to the 99 exEleven strains were obtained from clinical samples of immunocompromised patients. Ten strains were obtained pected under a Wright-Fisher model (Watterson 1975) . Four of the 12 insertions, all found within the promoter from sake fermentations. Seven strains were obtained from fermentations excluding wine and sake. Two strains of PDR10, have a minor allele frequency of Ͼ10%.
Population structure: We examined population strucwere from an unknown source. Significant population differentiation was found both ture stratified by the source from which each strain was obtained and by continent from which each strain was among sample sources and among sample locations (Table 3 , P Ͻ 0.001 for all genes). However, the sources isolated (Table 1) . Forty-two strains were from Europe, 14 from Asia, 15 from America, 4 from Africa, and 6 are and locations from which the strains were isolated are correlated with one another. Most European strains of unknown origin. Forty-four strains were isolated from grapes, wine fermentations, or commercial wine producwere obtained from vineyards, most North American , the average number of pairwise differences between strains per base pair. K st ) was measured by source and location as designated in Table 1. strains were obtained from clinical samples, and most pected given the population structure found in S. cerevisiae and its ability to reproduce asexually. Asian strains were obtained from fermentation of subThere is ample evidence of recombination within each strates other than grapes.
of the five loci. Each locus shows evidence of between Different patterns of variation were found among diftwo and five recombination events by the four-gamete ferent groups of strains. A significant reduction in divertest (Table 4 ). The absolute value of DЈ within a locus is sity is found within strains from wine and sake compared negatively correlated with distance between polymorwith diversity within other groups and total diversity (Taphic sites (P ϭ 5 ϫ 10 Ϫ5 ), but not for the randomized ble 4). In addition to a reduction in diversity, the vinedata (Table 6 ). This could be due to gene conversion yard strains also show a greater proportion of rare varior recombination between individuals from the same ants, as measured by Tajima's D, compared to that in subpopulation but not from different subpopulations. other groups and to the total (Table 4) .
The recombination mutation ratio, estimated from the Linkage disequilibrium and recombination: There are ratio of w from synonymous sites over 4Nc, ranges from significant levels of linkage disequilibrium between un-1.4 to 2.7 and the average is 2.1 (Table 7) . The mutation linked genes (Figure 1 ). Linkage disequilibrium was mearate has been estimated from CAN1 and SUP3 at 2.25 ϫ sured by the average absolute value of DЈ for all polymor-10 Ϫ10 per base pair per generation (Drake 1991). Given phic sites with a minor allele frequency of Ͼ10% among that 82% of spontaneous mutations are single-base subthe 45 strains for which there was no missing data (Tastitutions (Kang et al. 1992) , the point mutation rate is ble 5). The average absolute value of DЈ from all pairwise 1.84 ϫ 10 Ϫ10 . The genomic average rate of recombinacomparisons between loci ranges from 0.57 to 0.82. All tion is 0.34 cM/kbp or 6.8 ϫ 10 Ϫ6 recombination events pairwise comparisons within loci range from 0.71 (ZDS2) per base pair (Cherry et al. 1997 ). Similar to a previous to 0.98 (PDR10). The expected absolute value of DЈ for study (Jensen et al. 2001) , the laboratory estimate of unlinked sites is 0.26 and was obtained by resampling the ratio of recombination events to mutation events is of polymorphic sites, keeping the allele frequencies confour orders of magnitude greater than that inferred stant. This high rate of linkage disequilibrium can be ex- , the average number of pairwise differences between strains, per base pair; R m , the minimum number of recombination (Watterson 1975) ; R , a measure of recombination for sites with a minor allele frequency of Ͼ10%. Only the 45 . strains with complete data for all five genes were used.
With the exception of CYT1, the genes examined in this from the polymorphism data. This can be explained by study have a synonymous substitution rate nearly identihigher rates of asexual compared to sexual reproduccal to the average rate and do not have high levels of tion as well as by mating-type switching, which enables codon bias. a cell to mate with its forebear following meiosis.
The pattern of substitutions at synonymous sites is inSelection on synonymous sites: The detection of sedicative of whether synonymous sites are at mutationlection on nonsynonymous or noncoding sites is greatly selection balance. To determine which genes in S. cerevisiae are clearly affected by selection on synonymous sites, we compared the synonymous substitution rate to codon bias (Figure 2) . From 1538 genes, there is a clear reduction in the synonymous substitution rate for genes with high codon bias or a small effective number of codons (ENC). However, most genes have a synonymous substitution rate that is not correlated with codon bias. We arbitrarily classified genes as high and low bias, using an ENC cutoff of 45. The 1331 high-bias genes have an average synonymous substitution rate of 0.87 and show no correlation between codon bias and synonymous substitution rate. In contrast, the low-bias genes have an average synonymous substitution rate of 0.60 and show a significant correlation between codon bias and synonymous substitution rate (Pearson's r ϭ 0.74, P Ͻ 10 Ϫ15 ).
TABLE 6
Figure 2.-Synonymous substitution rate among S. cerevisiae, S. paradoxus, and S. mikatae in relation to the average coAverage absolute value of D don bias from the three species, as measured by ENC (Wright 1990 ). The dashed line shows the arbitrary cutoff used to disData Ͻ10 bp Ͻ100 bp Ͻ1000 bp Ͼ1000 bp tinguish high-and low-biased genes. Polymorphic changes Fixed differences P and U , preferred and unpreferred codons, respectively; e.g., P → P is a synonymous substitution from a preferred to a different preferred codon.
librium status, we compared the number of unpreferred combined d N /d S ratios are 0.09, 0.10, and 0.09 for the branch leading to S. cerevisiae, S. paradoxus, and S. mikaand preferred changes along the lineage leading to S. cerevisiae and within strains of S. cerevisiae (Table 8) .
tae, respectively. The ratio of noncoding to synonymous substitutions Both polymorphic and fixed synonymous changes show an equal number of preferred to unpreferred (P → U) (d NC /d S ) measures the selective constraint on noncoding sequences, assuming the mutation rate is the same and unpreferred to preferred (U → P) changes.
The data show that the synonymous substitution rate across the coding and noncoding sequences. All of the promoters show considerable levels of functional conand pattern of synonymous substitution in four of the five genes are consistent with those expected for neutral straint. The combined d NC /d S ratios are 0.53, 0.49, and 0.49 for the branch leading to S. cerevisiae, S. paradoxus, sites. CYT1 has a reduced rate of synonymous substitution, but, interestingly, has the highest rate of synonyand S. mikatae, respectively. This implies that nearly onehalf of intergenic sequences are functionally constrained, mous-site diversity (Table 3 ). The HKA test ) reveals a lower ratio of synonymous polymoronly slightly Ͼ0.52, the median d NC /d S from 2098 genes (Doniger et al. 2005 ). phism to divergence in CYT1 compared to that in PDR10 (P ϭ 0.048), but not in comparison to that in any of the Under the same assumptions used to test for branchspecific d N /d S ratios, the ratio of nonsynonymous-to synother three genes. After correction for multiple comparisons this difference is not significant. onymous-site polymorphism (p N /p S ) should equal d N /d S .
This comparison is the basis for the McDonald-Kreitman Selection on nonsynonymous and noncoding sites:
The ratio of nonsynonymous to synonymous substitu-(MK) test (McDonald and Kreitman 1991), which compares polymorphic sites and fixed differences rather tions (d N /d S ) measures the selective constraint on a protein. In the absence of positive selection or any changes than estimates of substitution rates. The average p N /p S ratio, 0.11, is nearly identical to that of divergence, 0.09 in selective constraint, the d N /d S ratio should be constant across lineages and should not be greater than one (Fay (Table 9) . Similarly, the average p NC /p S ratio of diversity, 0.62, is similar to that of divergence, 0.54 (Table 9 ). and Wu 2001). None of the five proteins show significant differences in the levels of constraint among the The comparison of N/S ratios from polymorphism and divergence can be misleading if positive selection lineages leading to S. cerevisiae, S. paradoxus, and S. mikatae (likelihood-ratio test using PAML, P Ͼ 0.05). The increases the N/S ratio of divergence and negative selec-
TABLE 9
Rates of DNA polymorphism compared to divergence Polymorphism ( ϫ 100) Divergence Rates of divergence were obtained for the lineage leading to S. cerevisiae using PAML.
tion increases the N/S ratio of polymorphism (Fay et al. 2001) . The effect of negative selection on the N/S ratio of polymorphism can be examined by comparing lowfrequency to common polymorphism. Both Drosophila (Fay et al. 2002) and humans (Fay et al. 2001) show an elevated N/S ratio of rare compared to common polymorphism, indicative of deleterious mutations segregating at low frequency in the population. In S. cerevisiae, the ratio of the rate of nonsynonymous and synonymous polymorphism that is rare, 0.12, is nearly identical to the rate of common polymorphism, 0.11. The ratio of NC/S from rare polymorphism, 0.60, is also very similar to that of common polymorphism, 0.62. This can be phism and divergence. Because of the paucity of nonsynonymous polymorphism and divergence, we compared variation only in noncoding to synonymous sites. The
If locus-specific differences in the ratio of noncoding polymorphism to divergence have occurred by chance, NC/S ratio of diversity is larger than that of divergence for MLS1, PDR10, and ZDS2 and lower than that of dithe ratio of polymorphism to divergence should be relatively constant across a sliding window of each nonvergence for CCA1 and CYT1. In addition, the NC/S ratio of polymorphism is greater than unity for both coding sequence. Alternatively, if natural selection has increased or decreased the rate of noncoding polymor-MLS1 and PDR10.
Two tests can be used to assess the significance of the phism or divergence, the effect of selection may well be localized to a portion of the noncoding region. To difference between noncoding and synonymous polymorphism and divergence. The MK test can be applied examine diversity in the rate of noncoding polymorphism and divergence, we plotted a sliding window of to the number of polymorphic and fixed noncoding and synonymous changes (McDonald and Kreitman diversity and substitution rate across the noncoding region from each gene as well as across the concatenated 1991). However, the MK test assumes the mutation rate in the two regions is the same, the coalescence time for fourfold degenerate synonymous sites from all of the genes (Figure 3 ). The two y-axes in Figure 3 are scaled the two regions is the same, and the number of fixed differences between species can be reliably determined.
such that the average rate of synonymous polymorphism is equal to the average rate of synonymous divergence. The first two assumptions are reasonable when the MK test is applied to nonsynonymous and synonymous Noncoding divergence is more variable and on average lower than synonymous-site divergence, as expected. changes. However, the latter assumption is not justified when divergence is Ͼ5-10% because of multiple hits Noncoding polymorphism is also much more variable than synonymous polymorphism, but in four different (Templeton 1996) . The HKA test can also be applied to noncoding-and synonymous-site polymorphism and regions is greater than the range found at synonymous sites, as shown in Figure 3 (light gray area). Two of the divergence . The HKA test explicitly accounts for any differences in mutation rates or noncoding hypervariable regions lie upstream of MLS1 and the other two are upstream of PDR10 and ZDS2. coalescence times between the two regions, but, like the MK test, does not account for multiple hits. Despite
The two hypervariable regions upstream of MLS1 contain 2 of the 4 sites with 3 segregating bases and 5 these concerns, we applied an MK and an HKA test to noncoding and synonymous polymorphism and diveradditional segregating sites that are within 3 bases of one another (Table 10 ). The hypervariable region upgence. For the MK test, the number of fixed differences along the lineage leading to S. cerevisiae was estimated stream of PDR10 has 10 segregating sites that are within 7 bp of another segregating site (Table 11) . by the maximum-likelihood estimate of the synonymous and noncoding substitution rate multiplied by the numTo determine whether there are regions with more noncoding polymorphism than can be explained by a ber of synonymous and noncoding sites. Neither the MK nor the HKA test was significant for any of the genes neutral model, we examined the distance between segregating sites. The advantage of the distance between seg-(P Ͼ 0.05). 
Nucleotide positions are shown in two regions upstream of MLS1. The strains column lists the number of strains with the haplotype shown on the right or the name of the strain if the haplotype is unique.
regating sites is that it has well-defined statistical propermetrically distributed with parameter p, which can be estimated from the number of polymorphic sites per ties compared to a sliding-window analysis, which is dependent on the window length and step size. Assumbase pair.
If there is an increase in the rate of polymorphism ing a constant rate of polymorphism, p, and given a polymorphic site, the probability of d sites until the next within a portion of a noncoding region, the distance between segregating sites should be less than that expolymorphism is pected under a neutral model. The expected distances p(1 Ϫ p) (dϪ1) .
were calculated using the geometric distribution with a rate parameter, p, estimated from concatenated fourThus, the distance between polymorphic sites is geo- 
Nucleotide positions are shown in two regions upstream of PDR10 . The strains column lists the number of strains with the haplotype shown on the right or the name of the strain if the haplotype is unique. et al. 2002) . For CYT1, the rate of polymorsignificant deviation from a geometric distribution usphism in the experimentally defined promoter, 6/209, ing the rate parameter from synonymous sites (P ϭ is much less than the total rate found in all synonymous 0.019 and P ϭ 0.049, respectively). Although MLS1 and sites, 47/833 (Table 2 ). In contrast, the experimentally PDR10 are not individually significant after correction defined promoter of MLS1 has a rate of polymorphism for multiple tests, the combined probability of all five more than twice that of synonymous sites, 14/190, as it genes is significant (P ϭ 0.007, Fisher's test of combined encompasses one of the hypervariable regions identified probabilities) and the sum of the data from all five genes by the sliding-window analyses (Figure 4 ). While the is also significant (P ϭ 0.024, G-test). Furthermore, the rate of polymorphism for one of the two COQ5 promoter G-test is conservative because the overall rate of nonregions is low, 1/90, the other has a rate of 3/26, four coding polymorphism is less than that of synonymous times that of synonymous sites (Figure 4) . Thus, while polymorphism and so the expected distance between segpolymorphic sites are not overpresented in conserved regating noncoding sites should be greater than the dispositions (Table 13) , they tend to be found in experitance between concatenated fourfold degenerate sites. mentally defined promoter sequences (Figure 4 ). The significant clustering of polymorphic sites in noncoding regions suggests that there may be positive or balancing selection on functional noncoding sequences.
DISCUSSION
To determine whether polymorphic sites occur in functional sequences, we compared the number of polymorWith short ‫-005ف‬bp intergenic sequences, S. cerevisiae phic sites in positions conserved among S. cerevisiae, provides an excellent opportunity to understand the functional constraints placed on cis-regulatory sequences S. paradoxus, and S. mikatae to the number of polymor- and their evolution. To address this issue we have com-PDR10 noncoding sequences showed any significant departure from neutrality by any of the statistical tests of pared DNA sequence variation found within and between Saccharomyces species in noncoding and coding heterogeneity implemented in DNA Slider (McDonald 1998) . It is likely that the power of these tests is limited sequences. The main result is the observation of noncoding sequences with higher than expected rates of when rates of divergence are high, since at high divergence the number of runs should become relatively polymorphism. A secondary finding is extensive linkage disequilibrium, even between unlinked loci. Population constant for any distribution of polymorphic sites. There are few explanations for the clustering of polysubdivision, possibly caused by two separate domestication events (Fay and Benavides 2005), is likely a major morphic noncoding sites upstream of MLS1 and PDR10. Our evidence comes from comparing the distance becontributor to linkage disequilibrium.
On average, rates of DNA polymorphism and divertween noncoding polymorphic sites to synonymous polymorphic sites. Thus, a number of factors that affect gence in noncoding sites are ‫%04ف‬ lower than those at synonymous sites (Table 9 ). Yet four small regions polymorphism at synonymous sites should be considered. First, a reduced mutation rate at synonymous sites within noncoding sequences show rates of polymorphism greater than those at synonymous sites (Figure 3) .
should cause a decrease in diversity and an increase in the distance between polymorphic synonymous sites. The clustering of polymorphic sites upstream of MLS1 and PDR10 is significantly greater than that expected However, divergence at synonymous sites is greater than that found at noncoding sites. Second, selection could on the basis of fourfold degenerate sites.
For a variety of reasons, commonly used statistical tests result in a reduction in diversity at synonymous but not at noncoding sites, thereby increasing the distance beof neutrality show no significant results for the MLS1 and PDR10 promoter. Neither an MK test nor an HKA tween synonymous polymorphic sites. With the exception of PDR10, there is no evidence for a reduction in test showed any significant differences between rates of polymorphism and divergence at noncoding and synonsynonymous-site diversity across the five genes (Table 3) . Even if diversity at synonymous sites within PDR10 were ymous sites. The lack of significance can be explained since both tests measure differences between the rates reduced, the statistical test for clustering of noncoding sites relies on the combined fourfold degenerate data of polymorphism and divergence between two classes of sites, averaged over the entire region, whereas the hyperfrom all five genes. Finally, some synonymous sites may be functionally constrained, thereby lowering rates of variable sequences are limited to small regions within the intergenic sequences. The runs test is designed to polymorphism and the distance between polymorphic sites. Only CCA1 shows evidence for significant levels detect heterogeneity in the ratio of polymorphism to divergence since polymorphic sites and fixed differences of constraint on synonymous sites (Figure 2 ). Yet instead of showing a reduced rate of polymorphism, CCA1 has are expected to be evenly interspersed between one another (McDonald 1996) . Neither the MLS1 nor the the highest level of synonymous-site diversity (Table 9 ).
